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Abstract

Fear conditioning has received extensive
experimental attention. However, little is
known about the molecular mechanisms
that underlie fear memory consolidation.
Previous studies have shown that long-term
potentiation (LTP) exists in pathways
known to be relevant to fear conditioning
and that fear conditioning modifies neural
processing in these pathways in a manner
similar to LTP induction. The present
experiments examined whether inhibition
of protein synthesis, PKA, and MAP kinase
activity, treatments that block LTP, also
interfere with the consolidation of fear
conditioning. Rats were injected
intraventricularly with Anisomycin (100 or
300 µg), Rp-cAMPS (90 or 180 µg), or
PD098059 (1 or 3 µg) prior to conditioning
and assessed for retention of contextual and
auditory fear memory both within an hour
and 24 hr later. Results indicated that
injection of these compounds selectively
interfered with long-term memory for
contextual and auditory fear, while leaving
short-term memory intact. Additional
control groups indicated that this effect was
likely due to impaired memory
consolidation rather than to nonspecific
effects of the drugs on fear expression.
Results suggest that fear conditioning and

LTP may share common molecular
mechanisms.

Introduction

Classically conditioned fear is a behavioral
paradigm in which animals learn to fear an ini-
tially neutral stimulus (CS; conditioned stimu-
lus) that has been paired or followed by presenta-
tion of a noxious unconditioned stimulus (US),
such as foot shock (Bouton and Bolles 1980; Davis
1992; LeDoux 1992). The learning is rapid and is
extremely robust and enduring (LeDoux et al.
1989), characteristics that make fear condition-
ing well suited for the study of the neural mecha-
nisms of learning and memory in the mammalian
brain.

Whereas the neuroanatomical pathways and
synaptic events underlying conditioned fear have
been well characterized (see, e.g., Davis 1992;
LeDoux 1992, 1995; Maren and Fanselow 1996),
relatively little is known about the molecular
mechanisms that underlie fear memory. In con-
trast, considerable progress has been made in elu-
cidating the molecular changes underlying long-
term potentiation (LTP), the leading cellular model
of memory consolidation in the mammalian brain
(see, e.g., Alberini et al. 1995; Kandel 1997; Milner
et al. 1998). It is thus of interest that LTP has been
demonstrated in pathways known to be relevant to
fear conditioning (Chapman et al. 1990; Clugnet
and LeDoux 1990; Rogan and LeDoux 1995; Rogan
et al. 1997; Huang and Kandel 1998). Further, neu-
ral activity in the brain is modified similarly during
fear conditioning and LTP induction (Rogan et al.1Corresponding author.
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1997; McKernan and Shinnick-Gallagher 1997).
Collectively, these results suggest that LTP and fear
memory consolidation may share common molecu-
lar mechanisms.

Several forms of LTP have been extensively
characterized using both in vitro brain slice prepa-
rations and in vivo preparations, especially in the
hippocampus (see, e.g., Bliss and Lømo 1973;
Madison et al. 1991; Barnes et al. 1995). Although
the synaptic and molecular events underlying the
induction of these various forms of LTP appear to
differ (Madison et al. 1991), each has recently been
shown to be characterized by two distinct tempo-
ral phases. The “early” phase (E-LTP), lasting from
1 to 3 hr, appears to involve covalent modification
of existing proteins and does not require protein or
RNA synthesis (Frey et al. 1993; Huang et al. 1994;
Nguyen and Kandel 1996). The “late” phase (L-
LTP), lasting from hours to days, is dependent
upon de novo RNA and protein synthesis and ap-
pears to involve both the cAMP-dependent (PKA)
and mitogen-activated (MAP) protein kinase signal-
ing pathways (Frey et al. 1993; Huang et al. 1994;
Nguyen and Kandel 1996; English and Sweatt
1997; Atkins et al. 1998; Impey et al. 1998a). These
intracellular signaling pathways are thought to
transduce the activity-dependent changes charac-
teristic of shorter forms of synaptic plasticity into
long-term structural and functional change by en-
gaging activators of transcription in the nucleus
(Alberini et al. 1995; Kandel 1997; Milner et al.
1998a). In support of this hypothesis, application
of RNA or protein synthesis inhibitors or selective
inhibitors of PKA to hippocampal slices prior to
tetanization of the perforant or Schaffer collateral
pathways has been shown to prevent the induction
of L-LTP, while having no effect on that of E-LTP
(Frey et al. 1993; Huang et al. 1994; Nguyen and
Kandel 1996). Similarly, application of inhibitors to
MAP kinase has been shown to prevent the induc-
tion of L-LTP in the Schaffer collateral pathway (En-
glish and Sweatt 1997; Atkins et al. 1998; Impey et
al. 1998), while having little effect on E-LTP (Impey
et al. 1998). Finally, stimuli that generate L-LTP in
hippocampus have been shown to induce the tran-
scription of cAMP response element (CRE)-medi-
ated genes, an effect that is prevented by inhibitors
of PKA or MAP kinase (MAPK) (Impey et al. 1996,
1998a). Collectively, results suggest that signal
transduction involving both PKA and MAPK are
necessary for the long-term protein synthesis-de-
pendent synaptic plasticity believed to underlie
memory consolidation (see, e.g., Kandel 1997;

Kornhauser and Greenberg 1997, Abel et al. 1998;
Milner et al. 1998).

The following experiments are part of a series
of investigations we are conducting in an attempt
to define the role of protein synthesis and intracel-
lular signaling pathways in the acquisition and re-
tention of classically conditioned fear to auditory
and contextual stimuli. Although significant
progress has been made in implicating specific cir-
cuits in fear conditioning (Davis 1992; LeDoux
1992, 1995; Maren and Fanselow 1997), in this ini-
tial study we have chosen to target these circuits
broadly using intraventricular injections of drugs.
Specifically, rats were injected intraventricularly
with Anisomycin (a protein synthesis inhibitor),
Rp-cAMPS (a PKA inhibitor), or PD098059 (a
MAPK inhibitor) prior to conditioning and tested
for fear memory retention both within 1 hr (short-
term memory, STM) and 24 hr later (long-term
memory, LTM). Each of these compounds has been
shown in previous studies to impair L-LTP, while
having little effect on E-LTP (Huang et al. 1994;
Nguyen and Kandel 1996; English and Sweatt
1997; Impey et al. 1998). Consistent with the LTP
literature, our results indicate that administration
of these compounds dose dependently disrupted
long-term, but not short-term, memory for fear. Ad-
ditional control groups determined that this effect
was specific to memory and not secondary to ef-
fects of the drugs on normal behavioral expression.
Collectively, results suggest that fear memory con-
solidation and LTP may involve similar molecular
mechanisms.

Materials and Methods

SUBJECTS

Subjects were adult male Sprague-Dawley rats
obtained from Hilltop Labs, Scottdale, PA. Rats
were housed individually in plastic Nalgene cages
and maintained on a 12:12 hr light/dark cycle.
Food and water were provided ad libitum through-
out the experiment.

SURGERY

Under Nembutal anesthesia (45 mg/kg), rats
were implanted unilaterally with a 26-gauge stain-
less steel cannula into the left lateral ventricle. Co-
ordinates, taken from Paxinos and Watson (1986)
and adjusted according to pilot data, were 0.4 mm
posterior to bregma, 1.3 mm lateral to the midline,
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and 4.2 mm ventral to the skull surface. The can-
nula was anchored to the skull with stainless steel
screws and a mixture of acrylic and dental cement.
A 33-gauge dummy cannula was inserted to pre-
vent clogging. Following surgery, rats were given
0.2 mg/kg buprenorphine HCl as an analgesic. Rats
were given at least 4 days to recover prior to ex-
perimental procedures.

DRUGS

Rats were injected with either Anisomycin
(Sigma, cat. no. A9789), Rp-adenosine 38,58-cyclic
monophosphothioate triethylamine (Rp-cAMPS;
RBI, cat. no. A-165), or PD098059 (RBI, cat. no.
P-215). Anisomycin was dissolved in equimolar
HCl, diluted with artificial cerebrospinal fluid
(ACSF), and adjusted to pH 7.4 with NaOH. Rp-
cAMPS was dissolved in ACSF. PD098059 was dis-
solved in 100% DMSO. Anisomycin is a potent in-
hibitor of mRNA translation via interference with
transpeptidation and has been used successfully in
a number of behavioral paradigms (see, e.g., Davis
and Squire 1984). Rp-cAMPS inhibits the activa-
tion of cAMP-dependent protein kinases I and II
by cAMP (Rothermel and Parker-Botelho 1988).
PD098059 is a specific inhibitor of the activation of
MAPK kinase (MEK), an upstream regulator of
MAPK (Alessi et al. 1995).

INTRAVENTRICULAR INJECTIONS

For drug injections, rats were held gently in
the experimenter’s lap. The dummy cannula was
removed and replaced with a 33-gauge injector
cannula attached to a 5.0 µl Hamilton syringe via
20-gauge polyurethane tubing. The tubing was
back-filled with sesame oil to provide adequate
pressure for drug injection. A small air bubble sepa-
rated the oil from the drug solution. Drugs were
infused slowly via infusion pump into the lateral
ventricle at a rate of 0.25 µl/min. Following drug
infusion, cannulas were left in place for an addi-
tional minute to allow diffusion of the drug away
from the cannula tip. Dummy cannulas were then
replaced and the rat was returned to its home cage.

APPARATUS

Conditioning and tone testing were conducted
in two distinct chambers. For conditioning, rats
were placed in a Plexiglas rodent conditioning

chamber (chamber A) with a metal grid floor
(Model E10-10, Coulbourn Instruments, Lehigh
Valley, PA) that was enclosed within a sound at-
tenuating chamber (model E10-20). The chamber
was dimly illuminated by a single house light. For
tone testing, rats were placed in a distinct Plexiglas
chamber to minimize generalization from the con-
ditioning environment (ENV-001, MedAssociates,
Inc., Georgia, VT). The tone testing chamber
(chamber B) was brightly lit with three house
lights and contained a flat black formica floor that
had been washed with a peppermint soap. A mi-
crovideo camera was mounted at the top of the
chamber so that rats could be videotaped during
testing.

HISTOLOGY

To verify the location of the cannula tip within
the lateral ventricle, rats were anesthetized with an
overdose of chloral hydrate (250 mg/kg; i.p.) and
injected manually with 5.0 µl of a 0.5% solution of
Cresyl violet into the ventricle. Rats were then de-
capitated and brains were removed and postfixed
in 10% buffered formalin in 30% sucrose. Brains
were then cut into 5-mm blocks and examined for
dye in the ventricles. Blocks containing the can-
nula track were then sectioned on a cryostat at 50
µm thickness and stained for Nissl using Thionine.
Sections were examined with light microscopy for
cannula penetration into the lateral ventricle.

GENERAL BEHAVIORAL PROCEDURES

HABITUATION AND CONDITIONING

Figure 1 outlines the general behavioral proce-
dures used in each experiment. On the day prior to
conditioning (day 1), rats were habituated for 15
min to chambers A and B. On the conditioning day
(day 2), separate groups of rats were injected with
either Anisomycin (100 or 300 µg; 5 µl), Rp-cAMPS
(90 or 180 µg; 5 µl), PD098059 (1 or 3 µg; 3 µl), or
an equivalent volume of vehicle (ACSF; DMSO) 30
min prior to conditioning. The doses of Anisomy-
cin were chosen based on recently published data
showing that i.c.v. administration of 200 µg in the
rat inhibits protein synthesis in the hippocampus
by >90% within 20 min of injection (Meiri and
Rosenblum 1998). Doses of Rp-cAMPS and
PD098059 were chosen based on their effective-
ness at blocking fear memory in pilot experiments.

FEAR MEMORY CONSOLIDATION
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Following a 5 min acclimation period to the con-
ditioning chamber, paired rats received a single
conditioning trial consisting of a 30-sec presenta-
tion of a 5-kHz, 70-dB tone (CS) that coterminated
with a 1.5-mA foot shock (US) delivered through
the grid floor during the last 1.0 sec of the tone.
Unpaired controls were injected with vehicle
(ACSF; DMSO) and also received tones and shocks,
but in a noncontingent, explicitly unpaired fash-
ion. For these groups, the US shock preceded the
CS tone (5 kHz, 70 dB, 30 sec) by 60 sec. Following
conditioning, all rats were returned to their home
cages.

SHORT-TERM MEMORY TESTING

STM to the tone was evaluated 30 min after
conditioning. For this test, rats were placed in
chamber B and given 2 exposures to the CS tone
(30 sec, 5 kHz, 70 dB) with an average intertrial
interval (ITI) of 100 sec. Rats were videotaped dur-
ing CS presentations for subsequent quantification
of behavior. Time spent “freezing” during the pre-
sentation of the tone CS was measured during each
CS presentation as well as during a 30-sec baseline
period prior to the first tone trial (see, e.g., Bouton
and Bolles 1980; LeDoux et al. 1990a for details).

This latter measure served as an assay for both un-
conditioned effects of the drugs on general activity
levels and for fear generalization between the con-
ditioning and tone-testing chambers. Following
tone testing, rats were returned to their home
cages. To evaluate STM to the context, rats were
again placed in the conditioning chamber (cham-
ber A) 30 min following the tone test (for a total of
60 min following conditioning). Rats were allowed
to explore for 5 min, after which freezing to the
context was assessed every other 30 sec for an
additional 5 min (for a total of five 30-sec observa-
tions).

LONG-TERM MEMORY TESTING

LTM for both the context and the tone were
evaluated the following day (day 3; ∼24 hr follow-
ing conditioning). For the context test, rats were
placed in chamber A and allowed to explore for 5
min, after which freezing to the context was as-
sessed every other 30 sec for an additional 5 min.
For the tone test, rats were again placed in cham-
ber B and presented with 5 tones (30 sec, 5 kHz, 70
dB, ITI = 100 sec). As for STM testing, freezing was
evaluated during each presentation of the tone CS
and during the 30-sec baseline period prior to the
first tone trial. Following the memory tests, rats
were returned to their home cages and to the
colony.

RECONDITIONING

To evaluate whether the injection of these
compounds resulted in long-term inability to ex-
press fear or to associate tones and shocks, rats
were reconditioned drug free ∼1 week after LTM
testing. As before, rats received a single pairing of
a 30-sec, 5-kHz, 70-dB tone that coterminated with
a 1-sec 1.5-mA foot shock. Twenty-four hours later,
rats were evaluated for long-term contextual and
auditory fear memory as described above.

Results and Discussion

INTRAVENTRICULAR INJECTION OF ANISOMYCIN,
Rp-cAMPS, AND PD098059 DOSE-DEPENDENTLY
IMPAIRED THE CONSOLIDATION OF CONTEXTUAL
AND AUDITORY FEAR MEMORY

Histological observations revealed that most
rats had successful cannula placements in the lat-
eral ventricle. Only those rats with observable dye
in the ventricle were included in the data analysis.

Figure 1: Outline of general behavioral procedures.
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A photograph of a representative cannula place-
ment in the lateral ventricle can be found in Fig-
ure 2.

Figures 3, 4, and 5 depict mean percent freez-
ing for contextual (A) and auditory (C) fear
memory for rats injected with Anisomycin, Rp-
cAMPS, PD098059, or vehicle. Baseline levels of
freezing prior to the first trial in the tone memory
tests (STM, LTM) can be found in B. The top and
middle panels in each figure represent absolute
scores for STM and LTM trials, respectively. The
bottom panels represent mean percent LTM. For
this latter score, LTM scores for both context and
tone were averaged for each rat. All data were ana-
lyzed using analysis of variance (ANOVA) and Dun-
can’s multiple range t-tests.

ANISOMYCIN

Relative to ACSF-injected controls, rats in-
jected with either dose of Anisomycin displayed
intact fear to the context when tested 60 min after

Figure 2: Representative cannula placement in the lat-
eral ventricle (LV). (Arrows) Point of entry. Cresyl violet
dye can be seen lining the ventricle ependyma.

Figure 3: (A) (Top) Mean (±S.E.) percent
freezing for context STM in rats injected
with ACSF (j; n = 10), 300 µg Anisomy-
cin (shaded triangles; n = 9), or 100 µg
Anisomycin (n; n = 7). (Middle) Mean
(±S.E.) freezing for context LTM in the
same rats. (Bottom) Mean (±S.E.) percent
context LTM for ACSF- and Anisomycin-
injected rats. (B) (Top) Mean (±S.E.) per-
cent freezing during the baseline period
prior to the first trial in the STM tone test.
(Middle) Mean (±S.E.) percent freezing
during the baseline period prior to the first
trial in the LTM tone test (C) (Top) Mean
(±S.E.) percent freezing for tone STM in
unpaired controls (h; n = 8), and rats in-
jected with ACSF (j), 300 µg Anisomycin
(shaded triangles), or 100 µg Anisomycin
(n). (Middle) Mean (±S.E.) freezing for
tone LTM in the same rats. (Bottom) Mean
(±S.E.) percent tone LTM for ACSF- and
Anisomycin-injected rats, and unpaired
controls.
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conditioning (Fig. 3A). The ANOVA for context
STM scores revealed no differences (P > 0.05).
Twenty-four hours later, however, both Anisomy-
cin groups showed substantial memory impair-
ment. The ANOVA (group by trials) for context
LTM scores showed a significant effect for group
(ACSF vs. 100 µg vs. 300 µg), [F(2, 23) = 26.49,
P < 0.01]. The effect for trials and the interaction
did not achieve significance (P > 0.05). Post-hoc
t-tests revealed that freezing scores for both Aniso-
mycin groups differed from the ACSF group on
every trial (P < 0.05). In contrast, the high-dose
group differed from the low-dose group only on
trials one and four (P < 0.05). This same pattern of
results is reflected in the mean context LTM scores
[F(2, 23) = 26.49, P < 0.01], where memory im-
pairment following either dose of Anisomycin was
found to differ from the ACSF group (P < 0.05).
The two drug groups were also found to differ
(P < 0.05).

The results for tone memory showed a similar
pattern (Fig. 3C). The ANOVA for tone STM scores
revealed a significant effect for group (ACSF vs.

100 µg vs. 300 µg vs. unpaired) [F(3, 29) = 90.66,
P < 0.01], a nonsignificant effect for trials, and a
nonsignificant group by trials interaction. Both
drug groups showed strong, intact STM for the
tone, and they were not found to differ on either
trial from each other or from the ACSF group
(P > 0.05). Both drug groups and ACSF controls,
however, were found to differ significantly from
the unpaired group on each tone trial (P < 0.05),
indicating that STM to the tone was associative.

Twenty-four hours later, however, rats in-
jected with the highest dose of Anisomycin (300
µg) showed little fear retention. The ANOVA for
tone LTM scores revealed a significant effect for
group [F(3, 29) = 20.20, P < 0.01], a significant ef-
fect for trials [F(4, 116) = 8.69, P < 0.01], and a
nonsignificant group by trials interaction. Post-hoc
t-tests revealed that the high-dose group differed
from both ACSF controls and the low-dose group
on every trial (P < 0.05). In fact, LTM scores for
this group did not differ significantly from those of
unpaired rats at any point (P > 0.05). In contrast,
the low-dose group was found to differ from ACSF

Figure 4: (A) (Top) Mean (±S.E.) percent
freezing for context STM in rats injected
with ACSF (j; n = 9), 180 µg Rp-cAMPS
(shaded triangles; n = 7), or 90 µg Rp-
cAMPS (n; n = 8). (Middle) Mean (±S.E.)
freezing for context LTM in the same rats.
(Bottom) Mean (±S.E.) percent context
LTM for ACSF- and Rp-cAMPS-injected
rats. (B) (Top) Mean (±S.E.) percent freez-
ing during the baseline period prior to the
first trial in the STM tone test. (Middle)
Mean (±S.E.) percent freezing during the
baseline period prior to the first trial in
the LTM tone test. (C) (Top) Mean (±S.E.)
percent freezing for tone STM in rats in-
jected with ACSF (j), 180 µg Rp-cAMPS
(shaded triangles), or 90 µg Rp-cAMPS
(n). (Middle) Mean (±S.E.) freezing for
tone LTM in the same rats. (Bottom) Mean
(±S.E.) percent tone LTM for ACSF- and
Rp-cAMPS-injected rats.
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controls only on the fourth tone trial (P < 0.05).
This same pattern of results is reflected in the
mean LTM scores [F(3, 29) = 20.20, P < 0.01],
where memory impairment following the high
dose of Anisomycin was found to differ from the
other two groups (P < 0.05). Overall, no signifi-
cant difference was detected between the ACSF
and the low-dose group. Additionally, no differ-
ence was detected between the unpaired group
and the group receiving the highest dose of Aniso-
mycin.

Although tone STM scores for rats injected
with the high dose of Anisomycin were not found
to differ from those of the other groups on either
trial, it should be noted that baseline levels of freez-
ing for this group were found to be significantly
higher than the other groups (Fig. 3B; P < 0.05). At
this dose (300 µg), Anisomycin apparently pro-
duced either motor deficits or a general state of
malaise characterized by general inactivity. These
observations are in keeping with previous reports
of the toxicity of protein synthesis inhibitors, in-
cluding reports of suppressed activity within 1 hr

following treatment with a high systemic dose
(150 mg/kg) of Anisomycin (Davis and Squire
1984). However, although the behavioral inactivity
in the high-dose group complicates the interpreta-
tion of the STM results for both context and tone,
rats in this group nonetheless displayed signifi-
cantly more freezing to both STM tone presenta-
tions than in the baseline period (P < 0.05). This
suggests that they did in fact have intact STM for
the tone. Further, baseline freezing scores in the
low-dose group were not different from those in
ACSF or unpaired controls (P > 0.05), despite sub-
stantial memory impairment for the low dose in
the context LTM test. It thus appears likely that the
pronounced LTM deficits seen in the high-dose
group for both context and tone may be attributed
to memory impairment rather than to uncondi-
tioned effects of the drug.

Rp-cAMPS

The pattern of results for Rp-cAMPS was simi-
lar to those for Anisomycin (Fig. 4A). Relative to

Figure 5: (A) (Top) Mean (±S.E.) percent
freezing for context STM in rats injected
with DMSO (j; n = 11), 3 µg PD098059
(shaded triangles; n = 9), or 1 µg
PD098059 (n; n = 8). (Middle) Mean
(±S.E.) freezing for context LTM in the
same rats. (Bottom) Mean (±S.E.) percent
context LTM for DMSO- and PD098059-
injected rats. (B) (Top) Mean (±S.E.) per-
cent freezing during the baseline period
prior to the first trial in the STM tone test.
(Middle) Mean (±S.E.) percent freezing
during the baseline period prior to the
first tone trial in the LTM tone test. (C)
(Top) Mean (±S.E.) percent freezing for
tone STM in unpaired rats (h; n = 8), and
rats injected with DMSO (j), 3 µg
PD098059 (shaded triangles), or 1 µg
PD098059 (n). (Middle) Mean (±S.E.)
freezing for tone LTM in the same rats.
(Bottom) Mean (±S.E.) percent tone LTM
for DMSO- and PD098059-injected rats
and unpaired controls.
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ACSF-injected controls, rats injected with either
dose of Rp-cAMPS displayed intact context STM on
each trial (P > 0.05). Twenty-four hours later, how-
ever, rats receiving the highest dose (180 µg)
showed little contextual fear, and those injected
with the low dose (90 µg) showed attenuated fear
relative to ACSF controls. The ANOVA (group by
trials) for context LTM scores showed a significant
effect for group (ACSF vs. 90 µg vs. 180 µg) [F(2,
21) = 16.15, P < 0.01], a nonsignificant effect for
trials (P > 0.05), and a significant group by trials
interaction [F (8, 84) = 2.21, P < 0.05]. Post hoc t-
tests revealed that this latter effect was due to dif-
ferences between ACSF controls and the low-dose
group in the first two trials. No differences were
detected between these two groups in the last
three trials. Importantly, freezing scores in rats re-
ceiving the highest dose of Rp-cAMPS (180 µg)
were found to be different from the other two
groups on every trial. This same pattern of results
is evident in the mean context LTM scores [F (2,
21) = 16.15, P < 0.01], where memory impairment
following the 180 µg dose of Rp-cAMPS was found
to differ from that of the other groups (P < 0.05).
Overall, no significant differences were detected
between the ACSF and 90 µg groups, although a
clear trend was noted (P = 0.05).

Rp-cAMPS had no effect on tone STM (Fig. 4C).
The ANOVA for tone STM scores revealed no sig-
nificant effects (P > 0.05). Additionally, no differ-
ences were detected between groups for the base-
line period (P > 0.05) (Fig. 4B). Twenty-four hours
later, however, rats injected with the highest dose
of Rp-cAMPS showed deficits in LTM for the tone.
The ANOVA for tone LTM scores revealed a signifi-
cant effect for group [F (2, 21) = 6.94, P < 0.01], a
significant effect for trials [F (4, 84) = 7.77,
P < 0.01], and a significant group by trials interac-
tion [F (8, 84) = 4.94, P < 0.01]. Post hoc t-tests re-
vealed that there were no differences between
groups for either the baseline period or for the first
tone trial. However, rats injected with the high
dose of Rp-cAMPS were found to differ from ACSF
controls on trials 2–5 (P < 0.05) and from the
group injected with the lower dose of Rp-cAMPS
on trials 3–5 (P < 0.05). No differences were de-
tected between ACSF controls and rats injected
with the low dose of Rp-cAMPS on any trial. This
same pattern of results is reflected in the mean
tone LTM scores [F(2, 21) = 6.94, P < 0.01], where
memory impairment following the high dose of
Rp-cAMPS was found to differ from the other two
groups (P < 0.05). Overall, no significant differ-

ences were detected between the ACSF and low-
dose groups.

Although we did not run unpaired controls as-
sociated with the rats injected with Rp-cAMPS, the
overall tone LTM for the high-dose group was
found to be about 40% of STM, which is not sig-
nificantly different from that found for rats injected
with the highest dose of Anisomycin (P > 0.05).
Additionally, it can be seen in Figure 4C that rats
injected with the highest dose of Rp-cAMPS had
equivalent freezing scores to vehicle controls on
the first tone trial. Thus, it appears that some
memory to the tone remained intact following
treatment with this dose. We were not able to ex-
amine the effects of higher doses, however, as
doses above 200 µg produced seizures in pilot ex-
periments.

PD098059

Context STM memory for rats injected with
either dose of PD098059 was not found to differ
from that of DMSO controls (P > 0.05) (Fig. 5A).
Twenty-four hours later, however, rats injected
with the highest dose of PD098059 showed evi-
dence of memory impairment. The ANOVA for
context LTM scores showed a significant effect for
group (DMSO vs. 1 µg vs. 3 µg), [F(2, 25) = 5.86,
P < 0.01], a nonsignificant effect for trials, and a
nonsignificant interaction. Freezing scores for rats
injected with the highest dose of PD098059 were
found to be different from DMSO controls on all
but the fifth trial. No differences were detected on
any trial between DMSO controls and the low-dose
group. This same pattern of results is evident in the
mean context LTM scores [F(2, 25) = 5.86,
P < 0.01], where the high-dose group was found to
differ from both DMSO controls and the low-dose
group (P < 0.05). No difference was detected be-
tween DMSO controls and the low-dose group.

As before, tone STM was intact for all groups
relative to unpaired controls (Fig. 5C). The ANOVA
for tone STM scores revealed a significant effect for
group (DMSO vs. 1 µg vs. 3 µg vs. unpaired) [F(3,
32) = 13.35, P < 0.01], a nonsignificant effect for
trials, and a nonsignificant group by trials interac-
tion. Additionally, no differences between groups
were detected for the baseline period (Fig. 5B).
Post-hoc t-tests revealed no differences between
DMSO controls and PD098059-injected groups for
either tone trial (P > 0.05). The unpaired group,
however, was found to be different from the other
groups on both trials (P < 0.05), indicating that
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freezing to the tone shortly after conditioning was
associative.

As with the other drugs, rats injected with
PD098059 showed impaired tone memory when
tested 24 hr later, and this effect was most pro-
nounced for the highest dose of the drug. The
ANOVA for tone LTM scores revealed a significant
effect for group [F(3, 32) = 8.65, P < 0.01], a non-
significant effect for trials, and a nonsignificant
group by trials interaction. Additionally, no differ-
ences in freezing scores existed between groups
for the baseline period. However, post-hoc tests
revealed that both unpaired controls and rats in-
jected with the highest dose of PD098059 differed
from DMSO controls on every tone trial. No differ-
ences were detected between the two doses of
PD098059, or between these doses and the un-
paired group (P > 0.05). This same pattern of re-
sults was seen in the mean tone LTM scores [F(3,
32) = 8.65, P < 0.01], where both doses of
PD098059 were shown to produce memory im-
pairment relative to DMSO (P < 0.05). Overall, no
significant difference was detected between the
two doses of PD098059.

INJECTION OF ANISOMYCIN, Rp-cAMPS,
OR PD098059 DID NOT PREVENT NORMAL
ACQUISITION TO THE CONTEXT OR TONE
FOLLOWING RECONDITIONING 1 WEEK LATER

Figure 6A depicts mean percent freezing to the
context and tone following reconditioning. It is
evident in the figure that rats in each group were
able to reacquire and express fear to both cues. An
ANOVA for both context and tone memory re-
vealed no effects (P > 0.05). Thus, the memory im-
pairment produced by these compounds appears
to be transient (<1 week), and the drugs do not
appear to result in permanent inability to express
fear or to associate tones and shocks.

INJECTION OF ANISOMYCIN, Rp-cAMPS,
OR PD098059 24 HR PRIOR TO CONDITIONING
HAS NO EFFECT ON FEAR ACQUISITION
OR EXPRESSION

In the previous experiments, rats were in-
jected with Anisomycin, Rp-cAMPS, or PD098059
30 min prior to conditioning and tested for LTM
approximately 24 hr later. Although each of these
groups displayed intact STM and was able to be
reconditioned approximately 1 week later, the pos-

sibility remains that the failure to display signifi-
cant amounts of freezing on test day represents a
nonspecific effect of the drugs on normal behav-
ioral expression 24 hr following injection. To
evaluate this possibility, additional groups of rats
were injected with the highest doses of Anisomy-
cin (300 µg), Rp-cAMPS (180 µg), or PD098059 (3
µg) 24 hr prior to conditioning. The following day,
rats were conditioned and tested for STM as de-
scribed above. Thus, each group was subjected to
STM tests for fear at approximately the same time
as rats in the previous experiments were subjected
to LTM tests. Freezing scores for each group can
found in Figure 6B. It is evident in the figure that
rats in each group displayed normal amounts of
freezing behavior to both the context and tone and
that no differences existed between groups. An
ANOVA confirmed this (P > 0.05). Thus, it is un-

Figure 6: (A) Mean (±S.E.) percent freezing for context
(top) and tone (bottom) LTM following re-conditioning
in rats injected with ACSF (j), 300 µg Anisomycin
(shaded triangles), 180 µg Rp-cAMPS (shaded circles), or
3 µg PD098059 (s). Rats were tested for context and
tone memory 24 hr after reconditioning. (B) Mean (±S.E.)
percent freezing for context (top) and tone (bottom) STM
in rats injected with ACSF (j; n = 8), 300 µg Anisomy-
cin (shaded triangles; n = 8), 180 µg Rp-cAMPS (shaded
circles; n = 8), or 3 µg PD098059 (s; n = 8) 24 hr prior
to conditioning. Rats were evaluated for tone and con-
text memory either 30 or 60 min following conditioning,
respectively.
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likely that the memory deficits seen in rats injected
with these compounds 30 min prior to condition-
ing are due to nonspecific effects of the drugs on
behavioral expression 24 hr after injection.

General Discussion

Previous studies have shown that LTP exists in
pathways known to be relevant to fear condition-
ing and that fear conditioning modifies neural
activity in these pathways in the same manner
that LTP does (Chapman et al. 1990; Clugnet and
LeDoux 1990; Rogan and LeDoux 1995; Rogan et
al. 1997; Huang and Kandel 1998; McKernan and
Shinnick-Gallagher 1997). These studies suggest
that fear conditioning and LTP may share similar
molecular mechanisms. The present experiments
examined whether pharmacological inhibition of
protein synthesis, PKA, and MAPK activity, treat-
ments that block LTP, also interfere with memory
consolidation for fear conditioning. Results indi-
cated that interference with these pathways selec-
tively and dose dependently interfered with LTM
for contextual and auditory fear, while leaving STM
intact. This pattern of selective interference with
LTM is similar to that observed in the LTP literature
in which interference with these pathways has
been shown to block L-LTP, while having little ef-
fect on E-LTP (Frey et al. 1993; Huang et al. 1994;
Nguyen and Kandel 1996; Impey et al. 1998a). Col-
lectively, results favor the conclusion that fear
memory consolidation and LTP share common mo-
lecular mechanisms.

The present results are in agreement with re-
cent reports showing that pharmacological inhibi-
tion of protein synthesis and PKA in mice blocks
consolidation of contextual fear memory (Bourt-
chouladze et al. 1998) and that systemic inhibition
of the MAPK signaling pathway blocks both con-
textual and auditory fear in rats (Atkins et al. 1998).
The former study, however, did not evaluate fear
memory to the tone, and the latter did not evaluate
STM to either the tone or the context. In contrast
to these previous reports, the present studies
evaluated both STM and LTM to both context and
tone. Additionally, we provide three sets of evi-
dence that indicate that the behavioral effects of
Anisomycin, Rp-cAMPS, and PD098059 are likely
to be the result of impaired memory consolidation
rather than a nonspecific effect on fear acquisition
or expression. First, rats injected with these com-
pounds displayed intact and comparable STM rela-
tive to vehicle-injected controls to both the con-

text and the tone shortly after conditioning. Thus,
rats were able to perceive the tone, form a repre-
sentation of the context, and acquire normal fear
to each stimulus when paired with foot shock
while under the influence of the drugs. Second,
rats were able to be reconditioned 1 week later and
to reacquire normal fear to both the context and
the tone, indicating that injection of these com-
pounds did not result in permanent inability of the
rats to express fear or associate tones and shocks.
Third, rats were able to acquire and express nor-
mal amounts of fear to both the tone and the con-
text when injected with these compounds 24 hr
prior to conditioning and STM testing, indicating
that the memory impairment observed during the
LTM tests was not due to nonspecific effects on
fear expression on the day after injection. When
considered together with other recent reports (At-
kins 1998; Bourtchouladze et al. 1998), our results
strongly favor the conclusion that both the cAMP
and MAPK signaling pathways are necessary for the
long-term protein-synthesis dependent changes un-
derlying fear memory consolidation.

Because rats in our experiments were injected
prior to conditioning and thus trained under the
influence of drugs, it might be argued that the ef-
fects that we observed on LTM were the result of
state-dependent learning rather than impaired
memory consolidation. We believe, however, that
this is an unlikely possibility. First, a recent paper
by Kandel and colleagues employing administra-
tion of Anisomycin and Rp-cAMPS in mice found
equivalent effects on contextual fear memory with
both pre- and immediate post-training injections
(Bourtchouladze et al. 1998). Second, Atkins et al.
(1998) found that both pre- and immediate post-
training systemic administration of SL327, a MEK
inhibitor similar functionally to PD098059, impairs
memory consolidation of contextual and auditory
fear. Because impaired memory was demonstrated
following both pre- and post-training administra-
tion of each of these compounds, it cannot be con-
cluded that memory impairment on the day follow-
ing conditioning is due to state-dependent learn-
ing. Indeed, an effect of these compounds on
memory following post-training administration
adds further evidence to the argument that they
are exerting their effects on memory consolidation
rather than on sensory processing or some other
nonspecific factor.

Studies utilizing invertebrate and in vitro cell
culture preparations have provided a number of
suggestions regarding the mechanisms whereby
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the cAMP and MAPK signaling pathways promote
long-term synaptic plasticity. In Aplysia, for ex-
ample, facilitation of the gill-withdrawal reflex also
appears to be characterized by two temporal
phases, the latter of which is dependent on de
novo RNA and protein synthesis, cAMP, and MAPK
signaling pathways (see, e.g., Alberini et al. 1995;
Kandel 1997; Milner et al. 1998). Application of
RNA or protein synthesis inhibitors to cocultured
Aplysia sensory and motor neurons, for example,
selectively blocks long-term facilitation (LTF) while
leaving short-term facilitation (STF) intact (Mon-
tarolo et al. 1986). Similarly, a mutation in the
nuclear phosphorylation site of PKA or inhibition
of MAPK activity by anti-MAPK antibodies or
PD098059 selectively interferes with LTF, while
having no effect on STF (Kaang et al. 1993; Martin
et al. 1997). Finally, stimulation that leads to LTF
has been shown to be accompanied by transloca-
tion of both the catalytic subunit of PKA and MAPK
to the sensory neuron nucleus where each of these
pathways is thought to engage activators of tran-
scription (Bacskai et al. 1993; Martin et al. 1997).
These findings are in parallel to those of the LTP
literature and suggest that the mechanisms under-
lying long-term synaptic plasticity are conserved
across species and preparations.

A number of studies have suggested that the
cAMP-response element binding protein (CREB) is
the nuclear target where both PKA and MAPK ex-
ert their effects on LTF and LTP (see, e.g., Frank
and Greenberg 1994; Stevens 1994; Yin and Tully
1996; Kandel 1997; Abel et al. 1998; Silva et al.
1998). CREB is a constituitively expressed nuclear
transcription factor that consists of several func-
tionally distinct isoforms (Kandel 1997; Abel et al.
1998; Silva et al. 1998). In Aplysia, for example,
ApCREB1 appears to activate transcription by bind-
ing to CRE sites following phosphorylation by ei-
ther PKA or calcium/calmodulin-dependent pro-
tein kinase (CaMK) (Dash et al. 1990; Kaang et al.
1993; Alberini et al. 1995). ApCREB2 contains a
phosphorylation site for a MAPK (Gonzalez et al.
1991) and is thought to act as a repressor isoform
(Abel et al. 1998). In support of this hypothesis,
injection of oligonucleotides to CRE binding sites
in to Aplysia sensory neurons effectively blocks
LTF, while leaving STF intact (Dash et al. 1990).
Conversely, injection of anti-ApCREB2 antibodies
results in LTF (>1 day) following stimulation that
normally produces only STF (<1 hr) (Bartsch et al.
1995). Finally, recent studies have shown that
stimuli that generate LTP in hippocampus promote

CRE-mediated gene transcription, an effect that is
blocked by inhibitors of either PKA or MAPK (Im-
pey et al. 1996, 1998a). Thus, CREB is a mechanism
whereby intracellular signaling pathways may
regulate the switch from short- to long-term plas-
ticity and memory by acting to either promote or
repress the synthesis of new proteins.

Consistent with the Aplysia model, a number
of studies have implicated CREB in a variety of
forms of learning and memory spanning a number
of different species. Yin and colleagues (1994,
1995), for example, demonstrated that induced
overexpression of a CREB activator isoform selec-
tively enhanced the long-term retention of a clas-
sical conditioning task in Drosophila. Conversely,
induced expression of a dominant-negative (re-
pressor) isoform blocked LTM (Yin et al. 1994,
1995). In the rat, injection of antisense oligo-
nucleotides to CREB into hippocampus or amyg-
dala has been shown to selectively affect LTM for
spatial and taste aversion learning, respectively
(Guzowski and McGaugh 1997; Lamprecht et al.
1997). Finally, transgenic mice lacking the a and d
isoforms of CREB have been shown to have im-
paired LTM, but not STM, on a variety of tasks,
including social transmission of food preferences
(Kogan et al. 1997) and spatial learning (Bourtchu-
ladze et al. 1994). Consistent with the present re-
sults, CREB-deficient mice have also been shown to
have impaired LTM, but not STM, for contextual
and auditory fear conditioning (Bourtchuladze et
al. 1994). Collectively, results strongly favor the
hypothesis that CREB is a molecular switch under-
lying memory consolidation, including fear
memory consolidation. Further, the findings of the
present studies suggest that fear memory consoli-
dation in the rat may involve convergence of PKA
and MAPK onto nuclear targets such as CREB. Ad-
ditional studies will be necessary to evaluate this
hypothesis.

Where in the brain are Anisomycin, Rp-cAMPS,
and PD098059 acting to disrupt the long-term plas-
tic changes underlying fear memory consolidation?
Although several regions are likely candidates, evi-
dence would favor the hippocampus and the lat-
eral (LA) and basal nuclei of the amygdala (see,
e.g., Davis 1992; LeDoux 1992; Maren and
Fanselow 1996). Lesions of the hippocampus, for
example, have been shown to disrupt contextual
fear conditioning, whereas those of the amygdala
have been shown to disrupt both auditory and con-
textual fear (LeDoux et al. 1990a; Phillips and
LeDoux 1992). It is generally assumed that the role
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of hippocampus in fear conditioning is to provide
the amygdala with a representation of the context
in which conditioning occurs, and that the amyg-
dala is the site of CS–US convergence or plasticity
for both auditory and contextual fear conditioning
(LeDoux 1992, 1995).

In support of the hypothesis that the amygdala
is a key site of plasticity, the LA has been shown to
receive convergent auditory and somatosensory in-
puts from the medial geniculate body, particularly
from the medial division (MGm) and the posterior
intralaminar nucleus (PIN) (LeDoux et al. 1984,
1985, 1990b; Romanski et al. 1993). The basal
nucleus receives input from the hippocampus via
the subiculum (Canteras and Swanson 1992). Im-
portantly, LTP has been demonstrated in each of
these pathways (Clugnet and LeDoux 1990; Maren
and Fanselow 1995; Rogan and LeDoux 1995), and
auditory fear conditioning has been shown to
modify neural activity in the LA in the same man-
ner that LTP does (Rogan et al. 1997; McKernan
and Shinnick-Gallagher 1997). Thus, both the LA
and the basal nucleus contain both the relevant
inputs and the potential cellular mechanism
whereby fear memory consolidation may occur. Al-
ternatively, it may be the case that both the hippo-
campus and the amygdala undergo plastic changes
necessary for contextual fear conditioning,
whereas only the amygdala is necessary for tone
conditioning (Phillips and LeDoux 1992). This in-
terpretation would be consistent with studies dem-
onstrating both synaptic plasticity and increases in
the phosphorylation of MAPK, protein kinase C,
and a-CaMKII in the hippocampus following fear
conditioning (Doyere et al. 1995; Atkins et al.
1998). It would also account for the relatively pro-
nounced effects observed for contextual fear con-
ditioning in the present studies because the drugs
would have had multiple sites at which to act. Fur-
ther experiments will be necessary to evaluate this
hypothesis. Nonetheless, it is clear that the amyg-
dala is one important site of CS–US convergence
and plasticity. Consistent with this hypothesis,
CRE-mediated gene transcription has recently been
shown to increase in the amygdala following con-
textual fear conditioning (Impey et al. 1998b) and
overexpression of CREB in the amygdala has been
shown to facilitate long-term memory for fear-po-
tentiated startle (S.A. Josselyn, W.A. Carlezon, C.
Shi, R.L. Neve, E.J. Nestler, and M. Davis, unpubl.).
Further, injection of Rp-cAMPS into the amygdala
has been shown to attenuate fear-potentiated
startle (C. Ding, Y.-L. Lee, and M. Davis, unpubl.).

Together with the LTP data, these studies suggest
that molecular processes necessary for fear
memory consolidation may be present in the amyg-
dala. Additional studies employing selective cellu-
lar manipulations of this region will be necessary to
further evaluate this hypothesis.
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